Soluble and cell wall bound -glutamyltransferases (GGTs) were purified from radish (Raphanus sativus L.) cotyledons. Soluble GGTs (GGT I and II) had the same M r of 63,000, and were composed of a heavy subunit (M r , 42,000) and a light one (M r , 21,000). The properties of GGT I and II were similar. Bound GGTs (GGT A and B) were purified to homogeneity from the pellet after the extraction of soluble GGTs. GGT A and B were monomeric proteins with an M r of 61,000. The properties of GGT A and B were similar. Thus, bound GGTs were distinguished from soluble GGTs. The optimal pHs of soluble and bound GGTs were about 7.5. Both soluble and bound GGTs utilized glutathione, -L-glutamyl-p-nitroanilide, oxidized glutathione and the conjugate of glutathione with monobromobimane as substrates, and were inhibited by acivicin, but soluble GGTs were also distinguished from bound GGTs with regard to these properties.
-Glutamyltransferase (EC 2.3.2.2, GGT), which catalyzes the transfer of the -glutamyl residue ofglutamyl peptides to appropriate acceptors, is distributed in a wide range of living cells. It is well-known that GGT catalyzes the first step of GSH catabolism in mammals and composes the -glutamyl cycle. 1, 2) Similar results were obtained with Saccharomyces cerevisiae 3) and Escherichia coli. 4) In addition, GGT plays an important role in supplying L-cysteine from GSH, particularly in mammal cells. 5) Reduction in growth and L-cysteine content has been observed in GGTdeficient mice. 6) In E. coli, GGT is essential for normal growth. 7) In higher plants, it is assumed that GGT catalyzes the synthesis and degradation of numerous -glutamyl peptides. [8] [9] [10] [11] [12] It has also been reported that GGT is involved in GSH catabolism in higher plants. [13] [14] [15] GGT is a membrane-bound enzyme in mammals 1) and S. cerevisiae, 16, 17) whereas it occurs in the periplasmic space in E. coli. 4) Complete purification of plant GGT has been achieved only from onion bulb scales 18, 19) and tomato fruits. 15) Onion and tomato GGTs that were extracted with 50-100 mM Tris-HCl buffer containing 0.5-1.0 M NaCl were composed of a single polypeptide, unlike the heterodimeric GGTs in mammals, 2, 20) S. cerevisiae, 3) and E. coli. 21) On the other hand, Arabidopsis thaliana GGT expressed in the tobacco plant is a heterodimeric enzyme. 22) These results suggest the occurrence of at least two forms of GGTs, a monomer type and a heterodimer type, in higher plants, although no report has indicated the occurrence of two forms in a single plant source. Recently we found that both forms of GGTs exist in radish (Raphanus sativus L.): soluble GGT extracted with low ionic strength buffer and bound GGT solubilized by high ionic strength buffer containing NaCl. 23) In the present study, we attempt to purify and characterize these two forms of GGTs, the soluble GGT and the bound one. We describe herein the purification and characterization of two soluble GGTs and two bound GGTs from radish cotyledons. Our results reveal that soluble GGTs are different from bound GGTs in molecular structures and properties.
15 mM NO 3 -N), 0.65 mM P, 4 mM K, 3.9 mM Ca, 2.0 mM Mg, 2.1 mM S, 21 mM Mn, 0.6 mM Zn, 48 mM Fe, 0.3 mM Cu, 14 mM B, and 0.2 mM Mo in tap water. Cl was supplied from the tap water.
Enzyme assay. Assay method 1. GGT activity was routinely measured according to the method of Nakano et al. 23) The standard reaction mixture (final volume, 150 ml) contained 3 mM -L-glutamyl-p-nitroanilide (-GlupNA), 50 mM GlyGly, 100 mM Tris-HCl buffer, pH 8.0, and 5 to 20 ml of the enzyme solution. The enzyme reaction was terminated by adding 500 ml of 10% acetic acid after incubation for 20 min at 37 C. Then 250 ml of 0.1% NaNO 2 was added and the mixture was incubated for 3 min at room temperature. To this, 250 ml of 1% ammonium amidosulfate was added. After 1 min incubation at room temperature, 250 ml of 0.05% N-naphthylethylenediamine was added and the absorbance at 540 nm was measured. The amount of p-nitroaniline released was calculated from the standard curve obtained using p-nitroaniline.
Assay method 2. When GSH or -GluCys was used as the substrate, assay method 2 was employed. The reaction mixture (final volume, 100 ml) contained 3 mM GSH or -GluCys, 50 mM GlyGly, 1 mM dithiothreitol (DTT), 20 ml of the enzyme solution, and 40 mM TrisHCl buffer, pH 8.0. After reacting at 37 C for 20 min, 20 ml of 25% trichloroacetic acid was added to terminate the reaction. Then 20 ml of the reaction mixture was pipetted into a derivatization solution containing 200 ml of 200 mM Tris-HCl buffer, pH 9.2, and 12 ml of 15 mM monobromobimane. 24) After 15 min incubation at 37 C, 518 ml of 5% acetic acid was added. The mixture was injected into an HPLC to quantify L-cysteine and CysGly formed, according to the method described previously. 25) When GSSG was used as the substrate, DTT was omitted from the enzyme reaction mixture. After terminating the enzyme reaction by adding 20 ml of 25% trichloroacetic acid, oxidized sulfhydryl compounds in the mixture were reduced at 37 C for 15 min by adding 200 ml of Tris-HCl buffer, pH 9.2, containing 1 mM DTT. Then 12 ml of 15 mM monobromobimane was added to the mixture for derivatization of sulfhydryl compounds. The monobromobimane derivatives were analyzed according to methods described previously. 25) Assay method 3. The conjugate of GSH with monobromobimane (GS-bimane) was prepared by incubating 10 mM GSH and 10 mM monobromobimane in 20 mM Tris-HCl buffer, pH 8.0, at 30 C for 1 h in the dark. The GS-bimane thus obtained was used without further purification because we confirmed that no GSH was left. The reaction mixture (final volume, 100 ml) contained 3 mM GS-bimane, 50 mM GlyGly, 1 mM DTT, 20 ml of the enzyme solution, and 40 mM Tris-HCl buffer, pH 8.0. After incubation for 15 min at 37 C, 20 ml of 25% trichloroacetic acid was added to terminate the reaction. The reaction mixture (20 ml) was pipetted into 212 ml of 200 mM Tris-HCl buffer, pH 9.2, and then 518 ml of 5% acetic acid was added. The mixture was injected into an HPLC to quantify the monobromobimane derivative of CysGly formed, according to the method described previously. 25) Purification of soluble GGT. All procedures were performed at 4 C unless otherwise specified. Radish cotyledons (1 kg) were homogenized in three volumes of grinding buffer (50 mM Tris-HCl buffer, pH 8.0, containing 10 mM 2-mercaptoethanol, 1 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride) and 5% (w/w) insoluble polyvinylpyrrolidone. The homogenate was centrifuged at 10;000 g for 10 min. The supernatant containing soluble GGT, 23) was subjected to 50-80% (NH 4 ) 2 SO 4 fractionation. The precipitate collected by centrifugation, was dissolved in buffer A (20 mM TrisHCl buffer, pH 8.0, containing 1 mM 2-mercaptoethanol) containing 1.5 M (NH 4 ) 2 SO 4 . The enzyme solution was applied to a Toyopearl Butyl-650M column (2:5 Â 20 cm, Tosoh, Tokyo). The column was washed with buffer A, containing 1.5 M (NH 4 ) 2 SO 4 , and then eluted with a linear gradient of 1.5 to 0 M (NH 4 ) 2 SO 4 in 600 ml of buffer A. The proteins were precipitated by 80% saturation with (NH 4 ) 2 SO 4 , followed by centrifugation. The precipitated proteins were dissolved in a small volume of buffer A and desalted with Sephadex G-25. The proteins were applied to a Toyopearl DEAE-650M column (1:5 Â 20 cm), and the column was washed with buffer A. The proteins were eluted with a linear gradient of 0 to 300 mM KCl in 400 ml of buffer A. The active fractions were pooled, and NaCl was added to make 350 mM. The mixture was applied to a concanavalin A-agarose column (1:5 Â 7 cm). The column was washed with buffer A, containing 500 mM NaCl and eluted with 50 mM -methyl-D-glucoside in buffer A containing 500 mM NaCl. The active fractions were dialyzed overnight against 25 mM Bis-Tris buffer, pH 6.1. The proteins were applied to a Mono P HR5/20 column (Amersham Biosciences, St. Louis, MO) and eluted with a pH gradient of 6.0 to 4.0, according to the manufacturer's instructions. The active fractions eluted at pH 4.9 and 4.7 were referred to as GGT I and GGT II, respectively. These fractions were concentrated to 100 ml with a centrifugal vacuum evaporator, and applied to a Sephacryl S-200 HR column (1 Â 31 cm). The proteins were eluted with buffer A. The active fractions were combined, concentrated, and used as purified enzymes.
Purification of bound GGT. All procedures were performed at 4 C unless otherwise specified. The pellet after the centrifugation of the crude homogenate at 10;000 g for 10 min as described above was washed twice with grinding buffer. Then, it was homogenized in grinding buffer containing 1 M NaCl, and the homogenate was centrifuged at 10;000 g for 10 min. The supernatant was subjected to 40-80% (NH 4 ) 2 SO 4 fractionation. The precipitate collected by centrifugation was dissolved in buffer A, containing 1.5 M (NH 4 ) 2 SO 4 , and applied to a Toyopearl Butyl-650M column (1:5 Â 40 cm). The column was washed with buffer A, containing 1.5 M (NH 4 ) 2 SO 4 , and eluted with a linear gradient of 1.5 to 0 M (NH 4 ) 2 SO 4 in 700 ml of buffer A. The proteins in the active fractions were precipitated by 80% saturation with (NH 4 ) 2 SO 4 , followed by centrifugation. The protein precipitate was dissolved in a small amount of buffer A and desalted with Sephadex G-25. The desalted proteins were applied to a Toyopearl DEAE-650M column (1 Â 4 cm), and the column was washed with buffer A. The proteins were eluted with a linear gradient of 0 to 300 mM KCl in 60 ml of buffer A. The active fractions were diluted ten times with 20 mM K-phosphate buffer, pH 7.0, and applied to a Toyopearl CM-650M column (1 Â 4 cm). The column was washed with 20 mM K-phosphate buffer, pH 7.0, and eluted with a linear gradient of 0 to 500 mM KCl in 60 ml of 20 mM K-phosphate buffer, pH 7.0. The active fractions were diluted two times with buffer A and applied to a Mimetic Green 1A6XL column (1 Â 1:3 cm). The column was washed with buffer A and eluted with a linear gradient of 0.1 to 1.5 M NaCl in 30 ml of buffer A. The active fractions were poured into concanavalin Aagarose (wet gel volume, 3.6 ml) suspended in buffer A, containing 500 mM NaCl, and incubated for 12 h. The suspension was packed in an empty column (1 Â 2:5 cm). The column was washed with buffer A containing 500 mM NaCl and then eluted stepwise with 17 ml of 15 mM D-glucose and 19 ml of 100 mM -methyl-Dglucoside in buffer A containing 500 mM NaCl. The enzymes that were eluted with D-glucose and -methyl-D-glucoside were referred to as GGT A and GGT B respectively. The active fractions, A and B, were combined and used as purified bound GGT A and B after desalting and concentrating respectively.
Measurements of kinetic parameters. Assay method 1 was employed for substrate -GlupNA, assay method 2 for substrates -GluCys, GSH, and GSSG, and assay method 3 for substrate GS-bimane. Concentrations of the substrates ranged from 0.01 to 3.0 mM for K m and V max determination, and the amount of the enzyme used was 10-15 ng/assay. K m and V max were calculated from Hanes-Woolf plots. K i values were determined by Lineweaver-Burk plots with 0.01-3.0 mM -GlupNA at inhibitor concentrations of 0.01, 0.05, and 0.1 mM.
General experimental procedures. SDS-PAGE and native PAGE were performed according to Laemmli 26) and Davis 27) respectively. After electrophoresis, the gels were visualized by silver staining or activity staining. 21) M r was measured by gel filtration on a Sephacryl S-200 HR column (1 Â 31 cm) connected to an FPLC. Protein was assayed according to the method of Bradford 28) with bovine serum albumin as the standard. A purified enzyme protein was blotted onto the PVDF membrane after SDS-PAGE and subjected to amino acid sequencing with a protein sequencer (Hewlett Packard Model HP241 N&C).
Results

Purification of soluble GGTs
We reported previously that two forms of GGTs, soluble and bound, were detected in radish cotyledons. 23) These two forms of GGTs were readily separated by differential extraction varying the ionic strength of the buffer. Soluble GGTs were extracted from radish cotyledons with grinding buffer (50 mM Tris-HCl buffer, pH 8.0, containing 10 mM 2-mercaptoethanol, 1 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride), and then purified by (NH 4 ) 2 SO 4 fractionation and various column chromatographies. On Mono P chromatofocusing, GGT activity was detected in two peaks that were eluted at pH 4.9 and 4.7, and these were referred to as GGT I and II respectively (Fig. 1) . Further purification of GGT I and II by Sephacryl S-200 column chromatography resulted in 10,000-fold purification with a specific activity of about 200 nkat/mg protein.
The purification of soluble GGTs (GGT I and II) is summarized in Table 1 . Purified GGT I and II were found to be homogeneous by native PAGE, and the protein bands of GGT I and II corresponded to the bands obtained by activity staining with -L-glutamyl--naphthylamide (-GluNphA) (Fig. 2) . Purified soluble GGTs were stored at À80 C until use without any significant loss of activity.
Purification of bound GGTs
Purification of bound GGTs from radish cotyledons was performed. Bound GGTs were solubilized with a grinding buffer containing 1.0 M NaCl from the pellet after extraction of soluble GGTs, 15, 18, 19, 23) and purified by (NH 4 ) 2 SO 4 fractionation and various column chromatographies. Upon concanavalin A-agarose column chromatography, GGT activity was found in three (Fig. 3) . These three fractions were concentrated and desalted with Sephadex G-25. GGT in the non-adsorbed fraction was not adsorbed to concanavalin A-agarose when it was again applied to the same column. Furthermore, the GGT in this fraction was not homogeneous and labile. Hence, no further purification was carried out. GGTs eluted with D-glucose and -methyl-D-glucoside were electrophoretically homogeneous (Fig. 4) . These were referred to as GGT A and B respectively, and were used in the subsequent experiments. GGT A and B were purified 100-to 150-fold with a final yield of 1%. The specific activities of GGT A and B were 257 and 342 nkat/mg protein respectively, comparable to those of onion 18, 19) and tomato GGTs.
15)
A typical purification is summarized in Table 2 . GGT A and B were also detected by activity staining withGluNphA, although to a much lesser extent than GGT I and II (data not shown). This result suggests a difference in substrate specificity for -GluNphA between soluble and bound GGTs. Purified GGT A and B were not stable since half of the activities were lost within one week at either 4 or À20 C. This might have been due to loss of the stable enzyme structure due to dissociation from cell walls. The active fraction of bound GGT that was obtained after Mimetic Green column chromatography was applied to a concanavalin A-agarose column and eluted with the elution buffers described in the text. D-Glucose (15 mM) was added to the elution buffer at point (a) and 100 mM -methyl-D-glucoside at point (b). Peaks A and B were collected, desalted, concentrated, and used as purified bound GGT A and B, respectively. , GGT activity; Á Á Á, absorbance at 280 nm. 
Structural properties of GGTs
The M r value of soluble GGT I and II was estimated to be 63,000 by Sephacryl S-200 gel filtration. Two bands, with M r values of 42,000 and 21,000, were detected when purified GGT I and II were subjected to SDS-PAGE (Fig. 2) , indicating that GGT I and II were heterodimeric proteins composed of a heavy (M r , 42,000) and a light (M r , 21,000) subunit. N-Terminal amino acid sequence analyses of the light subunits of GGT I and II gave the same sequence, TSHFSIVDSD, homologous to those of E. coli and mammalian GGTs. There are three putative GGT genes (At4g29210, At4g39640, and At4g39650) in A. thaliana genome, all of which have post-translational processing sites and are therefore predicted to encode a heterodimeric type of GGT. The N-terminal amino acid sequences of the light subunits of GGT I and II were also highly homologous to those of the light subunits deduced from A. thaliana putative GGT genes, but the N-terminus of the heavy subunit was blocked. When each subunit of soluble GGT I and II was excised from the gel after SDS-PAGE, digested with V8 protease, and subjected to SDS-PAGE, 29) the same protein band patterns for GGT I and II were observed (data not shown). In addition, GGT I and II adsorbed well to concanavalin A-agarose, suggesting that they are glycosylated proteins composed of the same polypeptides modified with different carbohydrate side chains.
The M r value of bound GGT A and B was estimated to be 61,000 by Sephacryl S-200 gel filtration. SDS-PAGE of GGT A and B revealed that the M r value of the polypeptides was 61,000 (Fig. 4) . Thus GGT A and B are monomeric proteins, similar to onion and tomato GGTs. The N-terminal amino acid sequences of GGT A and B were the same, KFSGRPGINYGQLGN, but this amino acid sequence was not found in the A. thaliana putative GGT genes. GGT A and B were also glycosylated since they adsorbed well to concanavalin Aagarose.
Substrate specificity -GlupNA, GSH, -GluCys, GSSG, and GS-bimane were utilized by GGT I, II, A, and B as -glutamyl donors (Table 3 ). There was no appreciable difference in substrate specificity between soluble GGT I and II, or between GGT A and B. GGT I and II showed similar apparent K m (0.024-0.046 mM), k cat (15-32 1/s), and k cat =K m (326-1,000 1/mM/s) values for all of the substrates, except for GS-bimane. GS-bimane was a less reactive substrate for GGT I and II. These results indicate that GGT I and II utilized all of the substrates except for GS-bimane at almost the same efficiency. In contrast, GGT A and B showed preference for GSH, GSSG, and GS-bimane (K m , 0.39-0.66 mM and k cat =K m , 18-77 1/mM/s) but not for -GlupNA and -GluCys (K m , 2.3-4.4 mM and k cat =K m , 5.4-8.8 1/mM/s). In addition, GGT I and II catalyzed the -glutamyl transfer from these substrates to GlyGly more efficiently than GGT A or B.
Acceptor specificity When -glutamyl acceptor specificities in the transpeptidation reaction were measured with -GlupNA as the -glutamyl donor, GlyGly was found to be a goodglutamyl acceptor. Enzyme activities without an acceptor were reduced to 35-38% of those with GlyGly as the acceptor for soluble GGTs, whereas for bound GGTs the reactions did not proceed significantly without an acceptor (Table 4 ). For soluble GGT I and II, Lmethionine, L-arginine, L-aspartic acid, and ACC were better acceptors than GlyGly; no marked difference was observed between GGT I and II. In contrast, bound GGT A and B did not utilize these amino acids well. None of the compounds tested showed acceptor activity higher than GlyGly. Therefore, there was a significant difference in -glutamyl acceptor specificity between soluble and bound GGTs.
Other properties GGT I, II, A, and B were strongly inhibited by acivicin, an inhibitor of mammalian and E. coli GGTs. 30, 31) Both soluble and bound GGT activities were inhibited by acivicin in a mixed manner. Soluble GGTs were more sensitive to acivicin than bound GGTs; K i values were 0.017 mM for GGT I and II and 0.10 mM for GGT A and B (Table 3) . Soluble and bound GGTs were also inhibited by DON, an inhibitor of mammalian GGT.
2) The K i values for DON were about 0.08 mM for GGT I and II and about 0.5 mM for GGT A and B. The optimal pHs were 7.5 for soluble GGTs and 7.5-8.0 for bound GGTs. At pH 9.0, about 80% of maximum activity was detected for all four GGTs, and the activities fell to 50% for GGT I and II at pH 7.0 and 55% for GGT A and B at pH 6.0.
Discussion
The occurrence of two forms of GGTs, soluble and bound, has been reported in several plants, including radish. 23) Our objective was to characterize GGTs that occur in multiple forms in a single plant source. In this study, we purified soluble heterodimeric GGTs (GGT I and II) from radish cotyledons to homogeneity for the first time. We also purified radish-bound GGTs (GGT A and B) that were structurally similar to the enzymes of onion 18) and tomato. 15) This supports our earlier finding that soluble GGTs and bound GGTs occur in a single plant source. 23) Shaw et al., however, have reported that onion-bound GGT is a heterodimeric enyme, 19) although onion GGT is a monomeric enzyme. 18) This discrepancy remains to be resolved.
The properties of GGT I and II, including M r , subunit composition, substrate specificity, -glutamyl acceptor specificity, and inhibitor sensitivity, were similar. The properties of GGT A and B were also similar, but there were critical differences between soluble GGTs and bound GGTs. First, their subunit compositions were different; soluble GGTs, I and II, were composed of a heavy and a light subunit, whereas bound GGTs, A and B, were monomeric enzymes composed of a single polypeptide. Tomato GGTs have been reported to be a monomeric enzyme, and were solubilized by high ionic strength buffer containing 0.5 or 1.0 M NaCl.
15) The monomeric GGT was different from the GGTs reported to date in mammalian cells, S. cerevisiae and E. coli, in which the GGTs were all heterodimeric enzymes. It has been reported that a heterodimeric type of GGT occurred in a tobacco plant expressing A. thaliana cDNA (D22), one homologous to At4g39640. 22) A. thaliana has three other putative GGT genes, At1g69820, At4g39650, and At4g29210, in addition to At4g39640, but At1g69820 might be a fragment of one of the GGT genes, since the length of polypeptide encoded by this gene is shorter than that encoded by the others. Purified soluble GGTs conserved the N-terminal amino acid sequences of the light subunit, T(STA)HX(ST)(VIA)-X(DSA)X as S. cerevisiae. 32) Thus these genes, At4g39640, At4g39650, and At4g29210, are assumed to encode heterodimeric GGTs, since the threonine residue required for post-translational processing was found. 31) Deglycosylation of renal GGTs with subunits with different M r values resulted in subunits having identical M r values.
33) The structural differences between radish GGT I and II and between GGT A and B can be attributed to differences in the carbohydrate side chains. This is supported by the fact that the partial amino acid sequences were the same for GGT I and II and for GGT A and B, and the fact that Cleveland mapping showed the same fragment pattern for purified GGT I and II. Radish GGT I, II, A, and B utilized five -glutamyl substrates (-GlupNA, -GluCys, GSH, GSSG, and GSbimane) as -glutamyl donors ( Table 3) . The values of K m and k cat =K m shown in Table 3 indicate that the catalytic efficiency of GGT I and II was 50-100 times higher than that of GGT A and B. In addition, GGT A and B preferred GSH, GSSG, and GS-bimane overGlupNA and -GluCys, whereas GGT I and II equally utilized all of the substrates except for GS-bimane. These results clearly indicate that GSH and related molecules are good substrates for soluble and bound GGTs. The -glutamyl acceptor specificities of radishsoluble and -bound GGTs were different. Several amino acids exhibited higher acceptor activity than GlyGly in the case of GGT I and II, whereas none of the compounds had higher acceptor activity than GlyGly in the case of GGT A and B. ACC was a good acceptor for radish GGT I and II as well as for tomato-fruit GGT I and II, 15) but, radish GGT A and B did not utilize ACC as an acceptor. Therefore, radish-bound GGT A and B might utilize other compounds as an in vivo -glutamyl acceptor. All radish GGTs were inhibited by typical GGT inhibitors, acivicin and DON, although GGT I and II were more sensitive to these inhibitors than GGT A and B. The functions of soluble and bound GGTs are still to be clarified.
Storozhenko et al. 22) reported that A. thaliana GGT expressed in tobacco was a heterodimeric protein that localized to the plasma membrane. We isolated a heterodimeric form of GGT from radish cotyledons as soluble GGT, and cloned three cDNAs (accession nos. AB098475, AB102676, and AB180896) that might encode soluble GGTs. When tobacco plants (Nicotiana tabacum SR-1) were transformed with these radish cDNAs (AB098475 and AB102676), GGT activities were detected in the fraction extracted with high ionic strength buffer containing 1 M NaCl. Hence we hypothesize that the soluble GGT might be artificially integrated into the bound fraction in transgenic tobacco plants, probably because cDNAs (AB098475 and AB102676) encode amino acids that form hydrophobic domains near the N-terminals of the large subunits. Our findings concerning cDNA cloning and characterization will be described elsewhere.
